New experimental lifetimes for two levels in doubly ionized tungsten, W III, have been obtained using the time-resolved laser-induced-fluorescence technique. Theoretical oscillator strengths obtained from a HFR calculation including the effects of core-polarization are reported for all transitions from levels below E < 70 000 cm −1 and with log g f −2, thus greatly extending our knowledge of the radiative data in W III. Good agreement is found between the calculated lifetimes and the experimental values from this and previous works. These new results fill a gap in the available data for this ion which is expected to play an important role in fusion reactors.
Introduction
Radiative data of multiply ionized tungsten atoms are important in plasma physics in connection with the use of this high-Z element in fusion reactors. Experiments conducted in the ASDEX Upgrade have proven the suitability of tungsten as a divertor target material under the conditions of a high density and low temperature divertor. The advantages of W are the low yield and the high threshold for sputtering [1] .
In astrophysics, neutral tungsten (W I) was identified in Ap stars [2, 3] and was found to be enhanced in some Ba stars [4, 5] . The line of singly ionized tungsten (W II) at 203 nm was also observed in the UV spectrum of one Am star [6] . Till now, however, doubly ionized tungsten (W III) has not been identified in hot stars. This could be due to the rather short wavelengths of lines originating from the ground configuration combined with a lack of atomic data for this ion.
Although several lifetime measurements [7] [8] [9] [10] [11] [12] [13] [14] or experimental transition probability determinations [15] [16] [17] [18] [19] have been reported in neutral (W I) as well as in singly ionized tungsten (W II), radiative data on doubly ionized tungsten are still extremely sparse. The only work available is that of Schultz-Johanning et al [20] , who measured lifetimes for three levels with the time-resolved laser-induced fluorescence (TR-LIF) technique and branching fractions (BF) with the Fourier transform technique for 81 transitions in the 154-334 nm spectral range. These authors also proposed transition probabilities for 37 transitions.
In the present paper, we report on additional lifetime measurements for two levels belonging to the 5d 3 6p configuration in W III using the TR-LIF technique. These new experimental lifetimes and those previously reported by Schultz-Johanning et al [20] have been used to assess the reliability of theoretical oscillator strengths calculated within the framework of the relativistic Hartree-Fock (HFR) approach [21] , modified by the inclusion of core-polarization effects (HFR + CP). As a consequence, the present paper provides the first extensive set of oscillator strengths in W III.
The atomic number of tungsten is 74. 
Measurements
The experimental setup used in the present experiment has been described elsewhere (e.g. [24, 25] ) and only a brief description will be given here. The measurements were performed on ions in a laser-produced plasma generated by focusing a laser pulse onto a tungsten target.
Free tungsten ions were first obtained by focusing a pulsed 532 nm Nd:YAG laser (Continuum Surelite) beam onto a pure W foil rotating in a vacuum chamber. The pulse of the ablation laser had a duration of 10 ns and a repetition rate of 10 Hz. After the hitting of the laser pulse on the tungsten foil, a plasma containing neutral, singly and doubly ionized atoms was produced and expanded from the foil. The W III ions in metastable levels were used as the starting point for the selective excitation to the investigated levels. A second laser system consisting of a Nd:YAG laser, a pulse compressor, a dye laser and nonlinear crystals for frequency doubling and mixing produced tunable pulses with wavelengths around 210 nm and with a duration of about 1.5 ns was then used for investigating the levels of interest. The excitation pulses interacted with the tungsten ions about 5 mm above the target. The fluorescence, emitted at the subsequent decay of the excited levels, was focused onto the entrance slit of a 1/8 m monochromator and then detected by a micro-channel-plate photomultiplier tube with a risetime of 0.2 ns and a fall time of 0.6 ns. The signal was finally recorded with a transient digitizer with a time resolution of 0.5 ns. In the measurements, the laser pulse and the fluorescence signal were recorded alternatively with the same detection system.
A new computer code named DECFIT has been developed to analyse the measurements. DECFIT operates on a Windows platform and provides the user with an efficient graphical environment. Lifetimes are extracted by a weighted least-squares fitting (LSF) of a single exponential decay, convoluted with the shape of the laser pulse and fitted to the data. A polynomial background representation may also be added. Approximate weights are derived assuming Poisson statistics. The transient digitizer is not strictly a counting measurement, but extensive tests have shown that this weighting mode is still a useful representation of the relative errors in the recorded data. However, the statistical uncertainties derived for the fitted lifetimes are typically too low by at least a factor of two compared to the variation of the results with repeated measurements.
As an overall test of the experimental setup and the new program, we measured the lifetimes of the 4p 2 P
• 1/2,3/2 levels in Cu I using the resonance transitions at 324.8 and 327.5 nm for both the excitation and detection. The results τ ( 2 P
• 1/2 ) = 7.39 ± 0.30 and τ ( 2 P
• 3/2 ) = 7.27 ± 0.30 ns agree within the estimated uncertainties with the highly accurate values obtained previously by Carlsson et al [26] using the single-photon counting delayed coincidence technique (7.27 ± 0.06 and 7.17 ± 0.06 ns, respectively). [30] , and the open circle is the extrapolated value for W VI.
To obtain a significant population of the investigated levels in doubly ionized tungsten, it was necessary to use a short delay-time between the ablation and excitation laser pulses. As seen in the insert in figure 1, this resulted in a pronounced background signal from the laser-produced plasma. To account for this perturbation, we tested two techniques with identical results. The most direct way was to fit the decay data with a function including a 2nd degree polynomial background representation. As an alternative, we also measured the continuum background without the excitation laser and subtracted it. A fit of the background subtracted decay curve is shown in figure 1 and our final experimental lifetimes are given in table 2.
Calculations
As tungsten is a heavy element, both the relativistic and correlation effects must be considered simultaneously in the calculations. This is why the HFR approach [21] has been applied to calculate the transition probabilities in W III. The relativistic corrections were the Blume-Watson spin-orbit, the mass-velocity and the one-body Darwin terms. The Blume-Watson spin-orbit term includes the part of the Breit interaction that can be reduced to a one-body operator [27, 28] . The correlation effects were included in different ways according to the type of interactions, i.e. valence-valence or core-valence. Core-valence interactions were taken into account through a polarization model [20] with the branching fractions measured by the same authors. The line representing equal values is also drawn. The mean scatter is ±0.17 dex excluding three f -values affected by strong cancellation effects, for which large discrepancies are observed. potential and a correction to the dipole operator (HFR + CP method) following a well-established approach (see e.g. [29] ). We considered two different core-polarization models. In the first one, referred to as HFR + CP(A), an Er-like ionic core (4f 14 ) surrounded by four valence electrons was chosen. As the dipole polarizability was not tabulated in Fraga et al [30] , a value of 2.80a 3 0 was extrapolated along the isoelectronic sequence using figure 2 of [31] . The HFR value of 1.25a 0 for the mean radius of the outermost core orbital, i.e. 5p, was used for the cut-off radius. The second core-polarization model, referred to as HFR + CP(B), used a 4f 14 5d Tm-like ionic core surrounded by three valence electrons. Here again no value for the dipole polarizability was tabulated in [30] for W VI. A value of 4.00a 3 0 was extrapolated along the Tm isoelectronic sequence, as shown below in figure 2 . The cut-off radius used was the HFR mean radius of the 5d orbital in the 5d6s 2 6p configuration of W III, i.e. 1.66a 0 .
Concerning the valence-valence interactions in both core-polarization models, we included, in the vectorial basis, the following configurations: 5d 4 , 5d 3 ns, 5d 2 6sns, 5d 3 6d, 5d 2 6s6d, 5d6s 2 6d and 5d 2 6p 2 (n = 6-8) for the even parity and 5d 3 np, 5d 2 6snp and 5d6s 2 6p (n = 6-8) for the odd parity case. To account for the remaining interactions with distant [22] . λ > 200.0 nm are given in air. b Each level is designated by its value in cm −1 , its parity ((e) and (o) stand for even and odd, respectively) and its total quantum number, J . c Cancellation factor as defined by Cowan [21] .
configurations, not considered explicitly in the vectorial basis or implicitly by the polarization model, all the radial Coulomb parameters were scaled down by 0.85 according to a well-established procedure [21] .
The HFR + CP method was then combined with LSF routine minimizing the discrepancies between the calculated energies and the experimental values published by Iglesias et al [22] . All the 235 experimentally known energy levels were included in the fitting process. These levels belong to the 5d 4 , 5d 3 6s, 5d 2 6s 2 , 5d 3 6p and 5d 2 6s6p configurations. The standard deviation in the fit was 122 cm −1 and 241 cm −1 for the even and odd parities, respectively. The adopted radial parameters are listed in table 1. Extensive tables containing the level energies, the Landé factors and the compositions for the even and odd energy levels are available from the authors.
Results and discussions
A comparison between the calculated lifetimes obtained with both the core-polarization models, the present measurements and the experimental values of Schultz-Johanning et al [20] are presented in table 2. One clearly sees the good agreement of the HFR + CP(B) values with the experiment, whereas the HFR + CP(A) lifetimes are systematically shorter than the measurements by 10-20%. Consequently, model B was adopted in the present paper. Figure 3 shows a comparison between the weighted oscillator strengths obtained in calculation B and the experimental values. The experimental oscillator strengths were derived from a combination of our new lifetime measurements and those of Schultz-Johanning et al [20] with the BFs measured by the same authors. There is obviously a satisfactory agreement between the theoretical and experimental values except for the three f -values. The difficult cases are the transitions at 179.4215, 211.3522 and 231.2021 nm, where strong cancellation effects in the calculation of the line strengths (the cancellation factor as defined by Cowan [21] , CF, being <0.05) occur. These f -values are therefore expected to be numerically underestimated.
Computed oscillator strengths (log g f ) and transition probabilities (g A) as obtained with the HFR + CP(B) model are reported in table 3 for selected transitions in W III. Due to the huge number of calculated transitions in the present study, table 3 is restricted to the transitions involving levels with E < 70 000 cm −1 and with log g f −0.8 and |CF| 0.05. The complete table is available on the DESIRE database (http://www.umh.ac.be/∼astro/desire.shtml).
Conclusions
In the framework of a systematic investigation of the radiative properties of the elements and ions belonging to the sixth row of the periodic table, an extensive set of oscillator strengths has been calculated for W III. This represents a considerable extension of the available data. The accuracy of the new results has been assessed through comparisons with the TR-LIF measurements performed for two levels belonging to the 5d 3 6p configuration and with the few results previously available. The uncertainty in the new oscillator strengths, not affected by cancellation effects, should not exceed 15%. The new data are expected to be useful for plasma modelling in fusion reactors.
